Hypertrophic remodelling and systolic dysfunction are common in patients with mitochondrial disease and independent predictors of morbidity and early mortality. Screening strategies for cardiac disease are unclear. We investigated whether myocardial abnormalities could be identified in mitochondrial DNA mutation carriers without clinical cardiac involvement.
Introduction
Mitochondrial diseases are an important group of genetic disorders, primarily affecting tissues with high-energy requirements. The m.3243A.G mitochondrial DNA (mtDNA) mutation in the mt-tRNALeu (UUR) gene is the most common pathogenic mutation present in 1 in 300 of the general population and causing disease in 1 in 6000 individuals. 1 Originally described in an individual with mitochondrial encephalopathy, lactic acidosis and stroke-like episodes (MELAS), the m.3243A.G mutation also causes maternally inherited diabetes and deafness (MIDD), myopathy, ophthalmoplegia and cardiomyopathy, as isolated clinical features or part of multisystem disease. Cardiomyopathy, commonly with a hypertrophic phenotype, occurs in 20 -40% of patients carrying the m.3243A.G mutation, 2 -6 and is an independent predictor of morbidity and early mortality; 5,7 many patients die from cardiac arrhythmias or congestive heart failure. 4 Echocardiography and 12-lead ECG are recommended screening strategies as early identification of asymptomatic cardiac structural defects (stage B cardiomyopathy) allows the initiation of cardioprotective therapies. 8 In other neuromuscular diseases associated with cardiomyopathy such interventions slow cardiac remodelling and reduce symptoms. 9 Two-dimensional echocardiography has limited sensitivity to detect small changes in left ventricular (LV) mass, particularly in asymptomatic cases, 10 and previous studies used normal reference ranges, rather than comparison with age-and gender-matched healthy controls, further decreasing sensitivity. 3, 5, 6 Magnetic resonance imaging (MRI) may reveal cardiac involvement in multisystem disease when standard evaluation is unremarkable, 11 and may provide novel therapeutic targets, where the efficacy of early intervention remains to be determined. 12 MRI is the gold standard investigation of cardiac morphology and function. Cardiac tagging enables the detection of early defects in myocardial deformation by analysis of circumferential strain and torsion. 13 Torsion describes the twisting motion of the heart due to opposite rotation of base and apex, and maintains homogeneity of strain across the myocardial wall. The torsion to endocardial circumferential strain ratio (TSR), a sensitive marker of altered epicardial-endocardial interactions, is constant among healthy individuals of the same age but increases with normal ageing. 13 Elevated torsion and/or TSR have been demonstrated in patients with left ventricular hypertrophy (LVH) caused by increased haemodynamic loading, 14 in hypertrophic cardiomyopathy (HCM) patients, 15 and recently, in HCM mutation carriers without hypertrophy, perhaps providing an early phenotypic marker. 16 Phosphorus-31 ( 31 P) magnetic resonance spectroscopy (MRS) permits the evaluation of myocardial bioenergetics by calculation of the phosphocreatine (PCr)/adenosine triphosphate (ATP) ratio. 17 PCr/ATP ratio is reduced in systolic dysfunction and in HCM with normal systolic function. 18 Impaired cardiac bioenergetics occur in mutation carriers of both HCM 17 and mitochondrial disease, 19 without echocardiographic evidence of hypertrophy, suggesting a potential role in early detection of disease.
Using these modalities, we sought to characterize the cardiac phenotype in a clinically and genetically well-characterized cohort with reference to age-and gender-matched healthy controls. Based on studies in patients with mitochondrial disease, 19 and in HCM mutation carriers without hypertrophy, 16, 17 our hypotheses were that abnormalities of LV mechanics and bioenergetics would be detectable in patients carrying the m.3243A.G mutation without known cardiac involvement, and that such abnormalities would be related to markers of disease burden. We provide a comprehensive MRI/ 31 P MRS evaluation of cardiac changes in this population, with important implications for future screening and management strategies.
Methods Subjects
Twenty-two adult patients with mitochondrial disease due to the m.3243A.G mutation, but no known cardiac involvement, were recruited from a mitochondrial disease specialist clinic. The absence of cardiac involvement was determined using screening strategies commonly employed in patients with mitochondrial disease, namely clinical history and examination with a normal ECG, echocardiogram (documenting no significant valvular disease, a maximum LV wall thickness ≤12 mm, an ejection fraction ≥55% and the LV end-diastolic dimension ≤32 mm/m 2 ), and exercise stress ECG (documenting no symptoms or ECG changes suggestive of underlying coronary artery disease); patients were excluded using these criteria (n ¼ 3) and the presence of contra-indications to MRI (n ¼ 1; claustrophobia). All 22 patients were matched with respect to age and gender with healthy controls, with a normal ECG and no history of cardiovascular or metabolic disease, recruited through advertisement. Institutional ethical approval and informed consent were obtained and the study complied with the Declaration of Helsinki.
Clinical assessment
Subjects underwent physical examination by an experienced clinician. Disease burden was assessed using the Newcastle Mitochondrial Disease Adult Scale (NMDAS), a validated scoring system. 20 The m.3243A.G mutation load was determined in urinary epithelial cells. 21 The estimated glomerular filtration rate (eGFR) was calculated in all patients using the Modified Diet in Renal Disease equation, prior to administration of gadolinium.
Cardiac magnetic resonance imaging
Using a 3-Tesla Intera Achieva scanner (Philips, Best, NL), subjects underwent (i) 31 P MRS, (ii) cine imaging, (ii) cardiac tagging, and (iv) late gadolinium enhancement (LGE) imaging.
Cardiac spectroscopy
Subjects were scanned prone, using a 10-cm diameter 31 P surface coil (Pulseteq, UK). A cardiac gated one-dimensional (1-D) chemical shift imaging (CSI) sequence was used with spatial pre-saturation of the skeletal muscle. A 7-cm slice was selected using a 'spredrex'-type pulse of 2.3 ms duration to eliminate liver contamination. 22 Negligible liver contamination was assured by 1-D foot-head oriented CSI experiments in phantoms: ,1% of the total phosphorus signal originated from outside the prescribed volume. Sixteen coronal phase-encoding steps yielded spectra from 10-mm slices (TR ¼ heart rate, 192 averages, acquisition time approximately 20 min). The first spectrum arising entirely beyond the chest wall was analysed using the AMARES time domain fit 23 to quantify PCr, the g resonance of adenosine triphosphate (ATP), and 2,3-diphosphoglycerate (DPG). The ATP Hypertrophic remodelling in mitochondrial disease peak area was corrected for blood contamination by 1/6th combined 2,3-DPG peak, and PCr/ATP ratios were corrected for T 1 saturation and local flip angle. 24 
Cine imaging
Subjects were scanned supine using a 6-channel cardiac coil and ECG gating (Philips ; long-axis images were acquired. Endocardial and epicardial borders were traced manually on short-axis slices throughout the cardiac cycle using the ViewForum workstation (Philips).The LV mass, and systolic and diastolic parameters, including the ratio of early to late ventricular filling velocity (E/A ratio) and early filling percentage, were calculated as previously described. 24 The ratio of the LV mass to end-diastolic volume (M/V ratio) was calculated as an index of concentric hypertrophy. 25 Longitudinal shortening was determined in the four-chamber view as the percentage difference in distance from the mitral valve plane to the apex at end-systole and end-diastole. The myocardial wall thickness was determined at the same level as tagging, and the percentage increase from diastole to systole (radial thickening) was calculated.
Cardiac tagging
MR signal from the myocardium in diastole was cancelled in a rectangular grid pattern and tags were tracked through the cardiac cycle ( Figure 1A ). , voxel size 1.37 mm, tag spacing 7 mm, 12 phases). Two adjacent short-axis slices of 10 mm thickness were acquired at the mid-ventricle with a 2-mm gap. The Cardiac Image Modeling package (Auckland UniServices Ltd, Auckland, New Zealand) was used to align a mesh on the tags between the endocardial and epicardial contours. Peak circumferential strain for both the whole myocardial wall and the endocardial third were calculated. Peak torsion between the two slices was calculated as the circumferential-longitudinal shear angle, defined on the epicardial surface ( Figure 1B ).
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LGE imaging Gadolinium-DTPA of 0.2 mmol/kg (Dotarem, Guerbet, France) was administered intravenously to patients only. LGE images were obtained at 10 min using a breath-held, cardiac-triggered three-dimensional phase-sensitive inversion recovery sequence (multi-shot gradient echo TR/TE ¼ 5/2.4, FA ¼ 158/58, acceleration factor 31, parallel imaging factor 2, 1.8-mm resolution zero-filled to 1.3 mm) with the inversion time to null normal myocardium determined from a prior multi-slice 2D Look-Locker experiment (multi-shot EPI with an EPI factor 5, acceleration factor 2, TR/TE ¼ 7.3/2.8, 3-mm resolution). Qualitative analysis for the presence and distribution of LGE in a 17-segment model was performed by two experienced, independent observers, blinded to patient status and MRI/MRS findings as per Society for Cardiovascular Magnetic Resonance guidelines 26 : consensus agreement was planned in the case of initial disagreement between observers.
Statistical analysis
Data are presented as means + SD for continuous data and as percentages and numbers for categorical data. Continuous data were tested for normality using the Shapiro-Wilk test, and group comparisons were made using two-tailed Student's t-tests or Mann-Whitney U tests. Categorical variables were compared using Fisher's exact test and the correlations were executed using Pearson's method. The Bonferroni adjustment for multiple comparisons was used for both group comparisons and correlations. The reliability of MRI measures of myocardial strains and diastolic function were assessed with the BlandAltman analysis by comparing the values derived from the contours redrawn after 1 month (M.G.D.B.), and by two independent observers (M.G.D.B. and K.G.H.), in four randomly selected patients and four controls. Inter-observer and intra-observer limits of agreement were, respectively, 20.19 + 0.318 and 0.06 + 0.518 for torsion, 0.74 + 1.31 and 1.53 + 1.08% for endocardial circumferential strain, 0.001 + 0.11 and 0.08 + 0.16 for E/A ratio and -0.54 + 1.58 and 0.68 + 2.84% for early filling percentage. Using our implementation of cardiac 31 P MRS, 24 we have previously determined that the reproducibility coefficient of the PCr/ATP ratio was 0.28 or 15% in four control subjects, on two separate occasions. All analysis was performed using SPSS version 17 (SPSS Inc, Chicago, IL). All tests were two-sided and statistical significance was assumed at P , 0.05.
Results

Patient population
Baseline characteristics of 22 patients (19 probands and 3 individual family members, unrelated to each other) are summarized in Table 1 . Disease burden was mild or moderate in all patients (11 patients had MIDD, 10 had myopathic phenotype and 1 patient had MELAS). Eleven patients had diabetes mellitus and 5 had treated hypertension. There were no significant differences in the current systolic or diastolic blood pressures. The frequencies of specific clinical features are summarized in Cardiac morphology and global function Table 3 summarizes the morphological and functional parameters for patient and control groups with all subjects completing the scan protocol (total duration of 77 + 13 min). The means and ranges of control group parameters are in agreement with a large cohort study using quantitative cardiac MRI. 27 The end-systolic and end-diastolic volumes, both as raw values and when indexed to body surface area (BSA), were significantly decreased in patients compared with controls ( Table 3) . A proportional decrease in these parameters (33 and 37%, respectively) ensured no significant difference in ejection fraction. Stroke volume and stroke index were significantly decreased in patients: this occurred in association with a significant increase in the heart rate (r ¼ 20.65, P , 0.01) with no significant difference in cardiac output or cardiac index between the groups.
The LV mass was not significantly different between the patient and control groups ( Table 3) . However, when indexed to BSA, the LV mass index (LVMI) was significantly increased in patients. A significant increase in the M/V ratio (58%) suggested that concentric remodelling had occurred. Consistent with this, the radial wall thicknesses in both diastole and systole were significantly increased in patients. Within the control group, there were significant correlations between the systolic blood pressure and both LV mass (r ¼ 0.57, P , 0.02) and the radial wall thickness in diastole (r ¼ 0.54, P , 0.03). Within the patient group, no significant correlations were shown between systolic or diastolic blood pressure and any markers of LV mass (Supplementary data online, Figure  S1 ). Similarly fasting blood glucose and HbA1C in patients did not correlate significantly with the LV mass, LVMI, radial wall thicknesses or M/V ratio. The exclusion of diabetic or treated hypertensive patients from statistical analyses did not affect significantly increases in LVMI or radial wall thicknesses. Both the independent observers were in agreement that no patients displayed evidence of focal intramyocardial fibrosis on LGE imaging.
Cardiac tagging and myocardial strains
Longitudinal shortening was significantly decreased (17%) in patients ( Table 4 ) and correlated significantly with an increased LVMI (r ¼ 20.52, P , 0.03). Peak torsion (36%) and TSR (35%) were significantly increased in patients. No significant differences were detected in the rates of systolic and diastolic torsion, after correction for peak torsion, or in the diastolic function represented by the E/A ratio and early filling percentage.
No significant differences were found in radial thickening or in the circumferential whole wall or endocardial strain ( Table 4) .
Mutation load and clinical status
There was a significant correlation between the urinary mutation load (mean: 62 + 20%, range: 22-90%) and disease burden (NMDAS mean score: 18 + 11, range: 2-42) among patients (r ¼ 0.59, P , 0.02). Both these clinical markers displayed significant correlations with the LVMI (respectively, r ¼ 0.71 and r ¼ 0.79, both P , 0.001), and peak endocardial circumferential strain (r ¼ 20.59 and r ¼ 20.57, both P , 0.03, Figure 2 ).
Myocardial bioenergetics
The PCr/ATP ratio was decreased ( Figure 3 , mean decrease 21%, P , 0.001) in patients (1.51 + 0.34) compared with controls (1.92 + 0.20). There were no significant correlations between the PCr/ATP ratio and markers of disease burden or myocardial mass or function. Thirteen patients (59%) had an abnormal PCr/ ATP ratio (,1.6) but there were no significant differences in markers of disease burden, cardiac morphology or the function between patients with the PCr/ATP ratio .1.6 and those ,1.6.
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Discussion
This study used a combined approach of comprehensive cardiac MRI and 31 P MRS to examine myocardial morphology, function, and bioenergetics in 22 patients harbouring the m.3243A.G mutation without clinical cardiac involvement. The major findings in these patients compared with age-and gender-matched controls were: (i) LVMI was greater and was a more sensitive indicator of subtle cardiac hypertrophy than the LV mass; (ii) concentric remodelling occurred in the absence of hypertension or diabetes mellitus; (iii) altered systolic myocardial strains occurred, with reduced longitudinal shortening and increased peak torsion, in the absence of global systolic or diastolic dysfunction; (iv) early changes in the cardiac morphology and strains were associated with increased mtDNA mutation load and NMDAS score; and (v) PCr/ATP ratio was reduced, but did not correlate with structural or functional cardiac indices or markers of disease burden.
Cardiac morphology and function
Patients in this study displayed concentric hypertrophic remodelling, as evidenced by increased M/V ratio and wall thicknesses, which were independent of diabetic or hypertensive status. Reductions in the end-systolic and end-diastolic blood pool volumes, consistent with concentric remodelling, resulted in decreased stroke volume and index in this study. The finding of significantly elevated heart rate, that ensured no difference in the cardiac output or index was however intriguing and has not been previously reported in this patient group. No likely culprit medications were identified in the patient group as a whole and the possibility of a relationship to the underlying disease process remains to be explored. The pattern of concentric hypertrophic remodelling observed in this study is similar to that in normal ageing where reduced ventricular volumes and increased M/V ratio, with a minimal change in the LV mass, have been linked to adverse cardiac outcomes, particularly when present in those ,65 years of age. 25 Small studies have suggested differing estimates of the prevalence of LVH in m.3243A.G mutation carriers. 4, 6 This study, performed in patients without preceding evidence of cardiac involvement, demonstrates the critical importance of referencing LV mass to the BSA. Although not reaching statistical significance, patients had smaller body mass, height, BMI and BSA compared with controls. The LV mass was significantly increased in patients, but only when indexed to BSA. Taken together, these findings suggest that previous cohort studies that used absolute measures of the LV mass and did not employ indexation may have underestimated the number of patients with an increased indexed LV mass.
While standard definitions of LVH should be used, this implies that the frequency of LVH in patients, which is potentially amenable to treatment, may be higher than previously indicated. 4 A larger cross-sectional study would be required to investigate this issue. 
Myocardial strains and torsion
Consistent with LVH in other clinical contexts, 15, 28 concentric remodelling in this study was associated with reduced longitudinal shortening. In healthy ageing and patients with diabetes mellitus or neuromuscular diseases, circumferential strain is reduced, and associated with reduced longitudinal shortening. 25, 28, 29 In this study, endocardial and whole wall circumferential strains tended to be reduced in patients without reaching statistical significance. The higher mutation load and NMDAS score, indicative of greater disease burden, did however correlate with increased LVMI and reduced endocardial circumferential strain. Increased torsion and/or TSR, often with reduced longitudinal shortening, have been reported in patients with LVH secondary to HCM, 15, 16 or conditions of increased afterload including aortic stenosis and hypertension. 14, 30 In all cases, such changes in torsion, TSR and longitudinal shortening are believed to be due to a reduction in the contractile function in the subendocardium compared with subepicardium. 14 Recently Chung et al.
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demonstrated increased torsion in the absence of morphological cardiac disease in diabetic patients. Although the pathophysiology of diabetes in mitochondrial disease is distinct, 32 our results of increased torsion and TSR without significant change in circumferential strains concur with these findings and those reported in HCM mutation carriers without LVH. 16 Additionally, as in our cohort, both these studies reported isolated systolic abnormalities of torsion with no difference in controls in the rate of torsion dissipation during diastole, or basic measures of diastolic function. Myocardial perfusion defects could contribute to this increased torsion, with abnormalities of subendocardial arterioles in HCM hearts, 33 and small vessel disease in diabetes. Such abnormalities could similarly be responsible for the differences in myocardial deformation in our study. However, our patients also demonstrated significant reductions in end-diastolic and end-systolic volumes, yielding smaller radii for the myocardium. Increased torsion could have resulted from the additional dominance this gave to the subepicardium. 34 To distinguish between these explanations would require a measure of perfusion at the subendocardium. 
Disease burden
Cardiac involvement is an important prognostic factor in mitochondrial disease since complications of cardiomyopathy are a frequent cause of premature death. Yet the pathophysiological mechanisms linking the m.3243A.G mutation to LVH and cardiomyopathy remain unknown. Our group has previously shown that urinary mutation load is the best predictor of overall clinical outcome in the m.3243A.G mutation carriers. 21 In this study, we report for the first time a correlation between the urinary mutation load and cardiac involvement specifically, as evidenced by increased LVMI. The NMDAS score correlated strongly with both the urinary mutation load and the LVMI. These important findings support the primary importance of mtDNA mutations in the changes observed in cardiac morphology, and may support more intensive cardiac evaluation of patients with higher mutation loads and/or NMDAS scores.
Cardiac bioenergetics
Reductions in the PCr/ATP ratio, assessed non-invasively using 31 P MRS, have prognostic importance in diverse forms of cardiomyopathy. 18 Indeed myocardial energy depletion has been proposed as a critical mechanism linking sarcomeric defects to hypertrophy in the HCM. 17 Our study confirms the findings of a study in m.3243A.G mutation carriers, which found that the PCr/ATP ratio was significantly reduced. 19 However, we were unable to detect any correlation between the cardiac bioenergetic defect and MRI-based parameters of myocardial structure or function, or markers of disease burden in patients without clinical cardiac disease. In different forms of inherited cardiomyopathy, several groups have suggested the primacy of bioenergetic defects by detection of abnormalities in mutation carriers without evidence of LVH.
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However, we detected significant differences in cardiac remodelling, known itself to cause a reduction in the PCr/ATP ratio and potentially explaining the lack of correlation with other parameters. The PCr/ATP ratio does not in isolation appear to have a prognostic value in the detection of early cardiac remodelling in patients harbouring the m.3243A.G mutation, but a larger natural history study would be required to confirm this suggestion.
Clinical implications
There are several clinical implications from our findings. First, the indexing of measures of the LV mass to BSA or the end-diastolic volume is essential to detect early concentric remodelling in patients harbouring the m.3243A.G mutation. Cardiac involvement may be more prevalent than previously suspected. Secondly, patients with a higher urinary mutation load, or NMDAS score, may be at an increased risk of developing cardiomyopathy, supporting more frequent cardiac screening. Finally, natural history studies of pathogenesis and eventual clinical therapeutic trials are dependent on an ability to identify the earliest biomechanical changes attributable to the m.3243A.G mutation. We have shown for the first time increased torsion and abnormal myocardial strains in this cohort, and suggest that the measurement of LV mechanics may be useful in assessing disease progression and response to intervention.
Limitations
Although this study is the largest cardiac MRI-based investigation performed to date in this patient group, it remains limited in the sample size and was not designed to investigate pathogenetic mechanisms or disease progression. Cardiac involvement in mitochondrial disease is linked to clinical outcomes, yet we P magnetic resonance spectroscopy. Representative spectra from (A) a patient carrying m.3243A.G, with the PCr/ATP ratio of 1.23, and (B) a matched control subject, with the PCr/ATP ratio of 2.10, showing a difference in the PCr concentration. Spectra are presented as acquired before correction for heart rate, flip angle and blood content. (C) A box plot of range and quartiles of the PCr/ATP ratio in patient and control groups. 2,3DPG, 2,3-disphosphoglycerate; PDE, phosphodiesters; PCr, phosphocreatine; ATP, adenosine triphosphate; ppm, parts per million; *P , 0.001 compared with controls.
acknowledge that the prognostic importance of the changes we describe must be determined through longitudinal studies. We studied a relatively homogenous cohort of patients, harbouring the single commonest mtDNA point mutation, without known cardiac involvement; such patients account for 25% of our specialist clinic attendees yet we recognize that our findings may not be generalizable to all patients with mtDNA point mutations. We did not perform echocardiography in controls and so cannot use age-and gender-matching to compare echocardiographic and MRI-derived parameters, particularly with regard to the diastolic dysfunction. Longitudinal shortening was used to provide a global measure of the long-axis function rather than the longitudinal strain, which would require additional tagged long-axis slices. Similarly, in an already extensive MRI protocol, we did not study flowbased analyses of the diastolic function or first-pass perfusion. Finally, we did not perform LGE imaging in controls and cannot exclude the presence of focal fibrosis in these individuals, although the probability of this is very low.
Conclusions
Concentric remodelling is prevalent in patients harbouring the m.3243A.G mutation and occurs in association with characteristic changes in systolic intramyocardial strains and torsion. These findings, which are closely related to urinary mutation load and disease burden, occur in patients without existing evidence of cardiac involvement, and may provide an early marker of myocardial pathology, enabling future studies of pathogenesis and intervention.
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Supplementary data are available at European Heart JournalCardiovascular Imaging online.
